Functional near-infrared spectroscopy (fNIRS) is a non-invasive brain imaging method that uses light to record regional changes in cerebral blood flow in the cortex during activation. FNIRS uses portable wearable sensors to allow measurements of brain activation during tasking. In this study, fNIRS was used to investigate how the brain processes information from multiple sensory modalities during dynamic posturography. Fifteen healthy volunteers (9M/6F; ages 28 +/-9 yrs) participated in the posturography study while undergoing fNIRS brain imaging. Four standard conditions from the sensory organization test (SOT) were performed and a bilateral fNIRS probe was used to examine the cortical brain responses from the frontal, temporal, and parietal brain regions. We found there was bilateral activation in the temporal-parietal areas (superior temporal gyrus, STG, and supramarginal gyrus, SMG) when both vision and proprioceptive information was degraded; forcing reliance on primarily vestibular information in the control of balance. This is consistent with previous reports of the role of these regions in vestibular control and demonstrates the potential utility of fNIRS in the study of cortical control of vestibular function during standing balance tasks.
Introduction
Maintenance of upright stance relies on the integration of sensory information about a person's spatial orientation obtained from vestibular organs, cutaneous and proprioception receptors, and vision (Lee and Lishman, 1975; Magnusson et al., 1990; Nashner et al., 1982) . Current theories suggest that during every day experiences, the relative information available from these channels must be continuously reweighted (Mahboobin et al., 2005; Mergner and Becker, 2003; Peterka and Loughlin, 2004) . For example, when entering a dimly lit room, the postural control system must adjust to the loss of accurate visual input. Although models of sensory reweighting typically assign this integrative role to the central nervous system, direct evidence of the cortical structures involved with this is sparse.
In particular, because of technological restrictions, the role of brain activity in this multi-sensory integration process as it relates to standing postural control has not been directly studied. In general, neuroimaging techniques such as magnetic resonance imaging (MRI) or positron emission tomography (PET) require the patient's head to remain motionless and to lie in the supine position. While FDG ( 18 Fflorodeoxy-glucose) based PET is unique in that the compound can be injected outside the PET scanner (e.g. during walking or balance (la Fougere et al., 2010; Shimada, 2012) ) and later imaged, the long halflife of the PET compound (108-minutes) precludes good temporal resolution and prevents the sequential repeated measurements needed to quantify brain activity during the different phases of the SOT paradigm.
Research with individuals who have peripheral and central vestibular disorders has implicated regions of the temporal and parietal cortex in multi-sensory integration including the inferior parietal lobe, superior temporal gyrus and supramarginal gyrus . In addition, functional neuroimaging of caloric stimulation (Dieterich et al., 2003; Fasold et al., 2002) , vestibular evoked myogenic potential (VEMP) stimulation (Schlindwein et al., 2008) , and galvanic vestibular stimulation (Stephan et al., 2005) in healthy persons produces similar findings.
Computerized posturography assessment involves a set of clinical tests used to assess posture and balance control. The sensory organization test (SOT, Neurocom, Inc) is a component of computerized dynamic posturography that assesses how people use different combinations of sensory feedback to
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4 maintain upright stance (Nashner and Peters, 1990) . The SOT test is based on a series of sensory combinations involving the loss, or degradation, of accurate visual and/or proprioceptive feedback about the person's orientation. Proprioceptive information about the angular position of the ankle joint is degraded by sway-referencing the standing support surface in the sagittal plane. In the clinical test, eye closure or sway-referencing of the visual enclosure compromises accurate visual feedback. By manipulating the sensory information through these sway referencing and light/dark conditions, the SOT protocol is used to systematically test the person's ability (or inability) to compensate for the loss of sensory information and to maintain postural control. While in some cases balance problems may be due to uncompensated vestibular deficits, dynamic posturography specifically evaluates overall balance ability and provides information on potential fall risk (Furman and Whitney, 2000) . In particular, multisensory integration dysfunction is often the cause of secondary balance problems associated with brain disorders including multiple sclerosis (Jackson et al., 1995) , stroke (Bonan et al., 2004a; Bonan et al., 2004b; Ikai et al., 2003) , Parkinson's (Nocera et al., 2010; Toole et al., 1996) and Alzheimer's (Suttanon et al., 2012) . The SOT paradigm consists of a standard set of six conditions as described by Nashner and
Peters (Nashner and Peters, 1990) where visual and proprioceptive information is altered or removed.
Four of these conditions (SOT I, II, IV, and V) are designed to probe the interaction of vestibular and proprioceptive information in the presence or absence of visual information (e.g. eyes open/closed). The other two conditions (SOT III and VI) use a moving visual scene (visual sway-referencing) to examine the effect of conflicting visual information. In clinical practice, SOT I, II, IV, and V are used to evaluate vestibular disorders while the remaining two conditions have been suggested to be less reliable as clinical tools (Barin, 1992) . In this study, only these four vestibular SOT conditions were examined due to both technical limitations and to limit subject fatigue associated with the length of the experiment needed to test all six conditions in pairwise combinations.
In this study, we used a novel brain imaging technique called functional near-infrared spectroscopy (fNIRS). FNIRS uses low levels of light to measure blood flow and blood oxygenation changes in the brain. Thus, fNIRS measures the hemodynamic response in the brain and provides similar M A N U S C R I P T
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5 information to functional magnetic resonance imaging (fMRI). Several previous studies (reviewed in (Steinbrink et al., 2006) ) have shown close correspondence between fNIRS and fMRI signals with temporal and spatial (linear) correlations of up to R=0.98 (Huppert et al., 2006b ) and R=0.86 (Huppert et al., 2006a) , respectively. Unlike fMRI, fNIRS is a portable technique that uses fiber optic cables mounted in a wearable head cap. This lightweight head cap allows imaging of the brain even during ambulatory movement and has previously been used to record brain activity during cued stepping (Huppert et al., 2012) , walking (Miyai et al., 2001; Suzuki et al., 2008) , and balance (Karim et al., 2011) studies. The purpose of this study was to record changes in brain activity in healthy volunteer participants, using fNIRS during the four vestibular SOT conditions.
Methods

i. Experimental Subjects
Fifteen healthy, right-handed volunteers (9M/6F, aged 28 +/-9 yrs) participated in this study. After providing informed consent, all subjects were screened for self-reported histories of vestibular, balance, or mobility impairments. This study was approved by the University of Pittsburgh Institutional Review Board protocol.
ii. Dynamic Posturography
All posturography was performed using a NeuroCom (Clackamas OR, USA) Equitest™ posturography platform (see figure 1A) A C C E P T E D M A N U S C R I P T
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During clinical posturography, each condition is tested separately. However for this fNIRS brain study, this paradigm was modified such that a pair of SOT conditions was tested sequentially in a blocked design. This design is therefore more consistent with standard functional testing in fMRI or fNIRS, which both provide relative measurements of changes in brain activity and require a statistical comparison between conditions acquired within the same scan. In this study, the postural conditions were paired into four comparisons as shown in Table 1 . Each fNIRS scan consisted of an initial baseline condition (45 sec), a test condition (45 sec), and a repeat of the baseline condition (60 sec). For each condition-pair, test conditions had less sensory information than the corresponding baseline conditions. The effect of the transition from baseline to test condition was reversed during the final baseline condition.
The comparison presentation order was randomized across subjects. For each subject the four scan series were presented twice making eight total scans. After every two scans, the participant was given a seated rest period for a minimum of two-minutes. The total participation time for this study was approximately 60 minutes including: subject consenting (5-10 minutes), instrumenting the subject with the fNIRS head cap (20-30 minutes), and posturography with breaks (26-30 minutes). For pairs 1 and 2, the Equitest TM posture data was recorded as three separate files due to a limitation of the Equitest TM system that did not allow for smooth transition from fixed to sway-referenced platform as this is not normally done in a clinical setting.
<Table 1 here>
iii. FNIRS Instrumentation
During fNIRS recordings, flexible fiber optic cables deliver low levels of light (<0.4W/cm 2 ) to an arrangement of source positions on the scalp (see figure 1B) . Each position contains two wavelengths of light (690nm and 830nm), which are used to separate absorption changes differentially due to oxy-and deoxy-hemoglobin. Based on data from previous modeling studies (Wang et al., 1995) , the light emitting
from a source position in the fNIRS head cap diffuses through the tissue and penetrates the outer 5-8mm of the cerebral cortex. Light is then detected as it exits the head using a discrete set of fiber optics that carry light back to photon detectors on the fNIRS instrument. Thus, the amount of light traveling between light source locations to detector positions is directly related to the absorption of the underlying tissue between measurement source-detector pair. During evoked brain activity, regional changes in blood flow to the active cortical region alter concentrations of oxy-and deoxy-hemoglobin, differentially changing the light absorption characteristics at different wavelengths due to the optical absorption profile differences in the two hemoglobin states. Changes in hemoglobin can be recovered from fNIRS measurements at multiple wavelengths using the modified Beer-Lambert law. By spatially arranging the optical sensors on the head, the location of the brain signal can be approximated as reviewed in Boas et al (Boas et al., 2004) .
In this study, fNIRS data was recorded using a 32-channel continuous wave fNIRS instrument (CW6 real-time system; TechEn Inc; Milford, MA). The instrument uses two different wavelengths of light at 690 nm and 830 nm within the optical window, which allows changes of both oxy-and deoxyhemoglobin to be recorded. The fNIRS bilateral head cap is made from plastic materials and Velcro and contained 8 sources and 16 detectors. The source-detector pairs were arranged in a nearest neighbor geometry with 3.2 cm source-detector spacing, creating 30 source-detector combinations. FNIRS data were sampled at 4 Hz. Custom acquisition software described in ) allowed for real-time visualization of brain activity. The acquisition software allows for events to be manually marked by the operator throughout the task to indicate the transitions between SOT conditions. Although manual synchronization is somewhat suboptimal, the Equitest system that was used in this study was a clinical device that could not be modified for research purposes and does not come equipped with an output to automatically synchronize our system. In similar studies, we have observed that this means of
synchronization has an error of no more than 2-3 sample points (500-750ms) which only represents about a 2% error in light of the long (45s) duration of the task.
v. Analysis Statistical Analysis of Equitest TM Posturography Data
Subject center of pressure (COP) information in the anterior-posterior direction was measured using force plate data. The root-mean-square (RMS) of the COP from the mean COP and the average velocity (cumulative absolute displacement divided by time) of COP was calculated for the two baseline conditions and the test condition in each trial. Results from the two baseline conditions were averaged and subtracted from the test condition result yielding: the RMS difference and the velocity difference, respectively. RMS and velocity differences were analyzed separately using repeated measures AVOVA with condition pair as the within-subject variable (α=0.05 a priori).
FNIRS Data Analysis
The analysis of fNIRS data has been previously described in several previous papers Ye et al., 2009) . In brief, analysis of fNIRS data was based on a spatial-temporal version of the general linear model (Ye et al., 2009 ). This approach is similar to the standard model used for the analysis of fMRI data via a canonical general linear model (e.g. (Friston, 2007) ). A custom Matlab (R2011b; Mathworks, Natick MA) script was used to process the fNIRS data. Based on the onset times and identity of the stimulus events, a design matrix was constructed using the a gamma-variant function (Chen et al., 2005) as a model of the expected hemodynamic response. In addition, a series of discrete cosine transform terms (0-1/120 Hz) were used as nuisance regressors to remove slow drift. The model of light propagation in the head was used to model an inhomogeneous random-field in the model (Abdelnour and Huppert, 2011) . A similar model had been previously proposed by Ye et al (Ye et al., 2009) . In this M A N U S C R I P T ACCEPTED MANUSCRIPT 9 work, we have used a probe-specific finite element diffusion model of light diffusion through the head (Abdelnour et al., 2010) . Restricted maximum likelihood with a first-order autoregressive noise term was used to estimate the noise statistics (pre-whitening) and the linear model was solved using the GaussMarkov equation (see (Friston, 2007) ). Temporal analysis was performed on a per subject basis and the estimated weight coefficients and error models were then used for group-level statistics as described in (Abdelnour and Huppert, 2011) .
Prior to collection of the fNIRS data, a three-dimensional electromagnetic tracker (Polhemus, Colchester VT) was used to mark the location of the optical sensors relative to the nasion, inion, and earlobe fiducial locations. This registration information was then used to register the location of the optical sensors to an anatomical MRI head using a custom registration algorithm (Abdelnour and Huppert, 2011) .
In this study, the Colin27 MRI atlas (Holmes et al., 1998) was used based on previous work by Custo et al (Custo et al., 2006) which demonstrated that atlas-based registration was sufficient for modeling light paths through the head of healthy, normal, subjects. Based on the registration of the optical sensors to the atlas head, a finite-element model of light diffusion (Dehghani et al., 2008) was used as described in ). An image reconstruction model based on restricted maximum likelihood was used as described previously Abdelnour and Huppert, 2011; Abdelnour et al., 2010) .
Group-level analysis across the subjects was performed using a random-effects model of brain activity and simultaneous reconstruction of all subject's data in an image reconstruction as described elsewhere (Abdelnour and Huppert, 2011) . The image reconstruction model was based on the corticalsurface model described in Abdelnour and Huppert , which used wavelets to model the surface of the cortex of the brain. In brief, a group-level image is estimated, that is simultaneously consistent with all of the data from each subject using a Bayesian objective function based on maximum likelihood (Abdelnour et al., 2010) . In the random-effects model (Abdelnour and Huppert, 2011) , the Polhemus registration of the fNIRS cap from each subject is used to generate an individual
optical forward model using the Colin27 atlas. The forward models from all the subjects are then collected into a single linear matrix operator such that the estimate of each subject's brain activity is the sum of the group average and a random-effects perturbation term for that subject. Thus, instead of preforming 15 independent image reconstructions (one for each subject), the larger combined forward model is inverted in order to estimate an image of brain activity that is most simultaneously consistent with all subjects' data. This approach was shown to be less susceptible to artifacts and errors introduced by outlier measurements in only a few subjects. Restricted maximum likelihood (ReML) is an empirical Bayesian method, which is used to provide stabilization of the inverse (image reconstruction) model and for simplified models is mathematically equivalent to an L-curve technique to optimize regularization (Abdelnour et al., 2010) . This approach has been widely used in fMRI analysis (Cox, 1996; Friston, 2007) and in the implementation of the similar image reconstruction problem for electroencephalography (EEG) and magnetoencephalography (MEG) within the software SPM8 (Friston, 2007; Mattout et al., 2006) . The use of ReML for fNIRS was described in Abdelnour et al (Abdelnour and Huppert, 2011) .
The ReML based random-effects image reconstruction method used in this work is very similar to the implementation of the random-effects MEG reconstruction model used in SPM8 (Mattout et al., 2006) .
Results
Functional NIRS responses were measured during the four pairs of SOT sensory conditions (Table 1 ). Figure 2 shows the average fNIRS temporal responses over all fifteen subjects from the channels located within a region-of-interest over the left and right temporal-parietal (see figure 1B) regions of the fNIRS probe. This region-of-interest was selected as the channels within 3 cm of the superior-temporal gyrus on either side of the head (channels shown in figure 1B ). The trials from the fixed-dark (SOT II) to SRF-dark (SOT V) ( Figure 2A ) and SRF-light (SOT IV) to SRF-dark (SOT V) ( Figure 2D ) produced the largest change in brain signals. Both of these comparisons included the SOT V condition in which visual and proprioceptive feedbacks were degraded and participants were forced to rely primarily on vestibular information. As shown in Figure 2A and 2D, for these two comparisons the fNIRS data showed a typical hyperemic (increased blood flow) response in which both oxy-and totalhemoglobin rise following the transition from the baseline to test conditions. In these comparisons, deoxy-hemoglobin also decreased, which is consistent with the characteristic fMRI BOLD response (Steinbrink et al., 2006) . The trials that evaluated changing from fixed-light (SOT I) to SRF-light (SOT IV) ( Figure 2B ) and fixed-light (SOT I) to fixed-dark (SOT II) ( Figure 2C ) showed much weaker responses in the same regions of interest. In these two test comparisons, only one of the three sensory inputs is degraded (either vision or proprioception), which allowed the participants to use both vestibular and the other remaining input to control balance.
<Figure 2 here>
Based on the recorded fNIRS data from all of the source-detector pairs, an image of brain activity can be reconstructed. Figure 3 shows the estimated spatial maps of oxy-hemoglobin based on the fNIRS data and the probe registration for each subject based on the methods described elsewhere (Abdelnour and Huppert, 2011; ).
During the comparisons where subjects went from fixed-dark (SOT II) to SRF-dark (SOT V) ( Figure 3A ) and from SRF-light (SOT IV) to SRF-dark (SOT V) ( Figure 3D ), bilateral activation in the temporal-parietal regions (superior temporal gyrus, STG, and supramarginal gyrus, SMG) was observed.
It can be seen that these conditions caused similar bilateral temporal-parietal activations as well as slight activation of the right PFC (prefrontal cortex) and deactivations of the left PFC. Only statistically changed regions (<0.05; corrected for effective degrees-of-freedom) are shown for each comparison. The brain images showed a slight hemispheric dominance between conditions. The temporal-parietal activation was more prominent in the left hemisphere during both of these conditions.
During the comparisons when subjects went from fixed-light (SOT I) to SRF-light (SOT IV) ( Figure 3B ) there were left cortical activations in the temporal-parietal area as well as small
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12 activations/deactivations in the right/left PFC, respectively. When subjects went from fixed-light (SOT I) to fixed-dark (SOT II) ( Figure 3C ) there were overall deactivations (decrease in oxy-hemoglobin) primarily in the right prefrontal cortex and left temporo-parietal area and small activations in the right temporo-parietal area.
<Figure 3 here> Table 2 <Table 2 here> Figure 4 shows the corresponding body-sway data for one representative subject (figure 4A-D) along with the group-level average velocity ( figure 4E ) and average root-mean-squared (RMS) displacements ( Figure 4F ) for each of the four test conditions. The gaps in data in figure 4A and B are due to the limitations of the Equitest system as it normally does not transition from fixed to SRF as this is not done clinically. We observed that the degradation of proprioception occurring in the midst of degraded visual feedback (fixed-dark to SRF-dark; Figure 4A ) caused the largest change in postural sway. The
13 changes in postural sway were similar for subjects who lost proprioception but retained visual information (fixed-light to SRF-light; Figure 4B ) and when subjects lost vision in the absence of proprioceptive information (SRF-light to SRF-dark; Figure 4D ). Loss of vision in the presence of proprioceptive information (fixed-light to fixed-dark; Figure 4C ) produced the smallest changes in sway. This is supported by both the velocity difference and RMS difference. The means tests show that the velocity differences differed significantly from zero for all condition pairs. Single-sample T-tests for each condition show that for all the SOT combinations except the comparison of fixed-light (SOT I) to fixeddark (SOT II), the RMS differences between the non-baseline condition and baseline conditions differ significantly from zero.
<Figure 4 here>
Discussion
i. Brain Imaging of Multi-sensory Vestibular Processing
In this study, functional near-infrared spectroscopy (fNIRS) was used during upright posturography testing to quantify brain activation in cortical regions during conditions of the sensory organization test (SOT). The primary finding was increased activation in the temporo-parietal regions, in particular the area around the superior temporal gyrus, when subjects relied primarily on vestibular information when both vision and proprioceptive feedback were degraded. This finding is consistent with previous studies investigating the vestibular cortical network using functional MRI or PET imaging during artificial vestibular stimulation (caloric irrigation or galvanic stimulations (Dieterich et al., 2003; Fasold et al., 2002; Stephan et al., 2005) ). These studies reported activations in the parietal-insular vestibular cortex (PIVC), visual temporal sylvian area (VTS), superior temporal gyrus (STG), supramarginal gyrus (SMG), and inferior parietal lobe (IPL) . Furthermore, Karim et al. showed that similar regions of the temporal-parietal cortex were involved in a simulated
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14 skiing task (Karim et al., 2011) . The importance of the supramarginal gyrus (SMG) has also been demonstrated by trans-cranial magnetic stimulation and fMRI to play a role in proprioception and resolution of conflicting sensory information (Tsakiris et al., 2008; Tsakiris et al., 2010) . The observation of SMG involvement during the SOT conditions is consistent with this previous observation and extends this finding to lower body and vestibular sensory systems as well. This is consistent with previous work showing the activation of the regions around the temporal parietal junction during vestibulo-ocular (Dieterich et al., 2003; Fasold et al., 2002) and during vestibulo-collic reflex activity (Schlindwein et al., 2008) .
The increased activation we observed during various combinations of accurate sensory feedback provides additional support for theories of sensory reweighting described by Brandt/Dieterich et al (Brandt et al., 1998) . In this study, we found that the temporo-parietal (STG and SMG) regions were activated the most during the conditions forcing vestibular reliance (fixed-dark to SRF-dark and SRFlight to SRF-dark), which occurred when both visual and proprioceptive information had been degraded.
The STG and SMG were activated strongly because there was a necessary reweighting toward the most accurate sensory system, the vestibular system, during these conditions. This suggests that these regions are involved in reweighting the visual, vestibular, and proprioceptive sensory inputs. Previous studies have found that visual-vestibular interactions affect the activation/deactivation of these regions (Brandt et al., 1998; Dieterich et al., 2003) and others have implicated these regions' (especially SMG) importance in processing proprioceptive information (Tsakiris et al., 2008; Tsakiris et al., 2010) . Tsakiris et al.
specifically found that the supramarginal gyrus is activated during sensorimotor conflicts (Tsakiris et al., 2010) .
In both of the conditions that degraded visual and proprioceptive information, we also observed activations in the right prefrontal cortex (PFC) region as well as deactivations in the left PFC, which is involved in motor planning and executive function. We believe these frontal regions are involved with the attentional demand aspect of standing balance. Previous studies of active balancing have found that the
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STG and SMG as well as frontal regions such as the PFC and dorsolateral prefrontal cortex (DLPFC) are activated (Mihara et al., 2008; Ouchi et al., 1999) . Frontal activations are thought to be involved with the allocation of attention, which is required for postural stability (Ouchi et al., 1999) . It is unclear what these frontal deactivations mean, but are likely involved in allocation of attentional resources as well.
This may be a mechanism for reducing conflicting/irrelevant information from the main task.
In the condition when only proprioception was degraded (fixed-light to SRF-light), a much smaller activation, compared to activations during conditions that degraded visual and proprioceptive information, in the left superior temporal gyrus was observed. There were also small activations in the right PFC and small deactivations in the left PFC. These patterns are very similar to those seen in conditions where both the visual and proprioceptive inputs were degraded but less so. This condition only degraded proprioceptive inputs and not visual input, thus the subjects were less reliant on just one system. 
iii. Limitations of this study
One of the limitations of fNIRS is the need to place fiber optics over the region of interest in the brain. In order to achieve good signals, these sensors must make firm contact with the scalp in order to measure from the underlying brain. Due to hair, the increased thickness of the skull, and overlying dural sinuses, regions of the brain such as the occipital cortex are more difficult to measure fNIRS signals.
Thus, in this current study, we limited our exploration to the temporo-parietal and frontal regions, which had been suggested by previous PET and fMRI studies. The occipital regions (including the visual cortex) would be expected to play a role in sorting sensory information particularly related to the two visual-sway referencing conditions (SOT III and VI), which were not examined in this study partly due to technical limitations and to limit subject fatigue. Because no fNIRS sensors were placed over the occipital areas, our current study also cannot make statements about the roles of these areas in the conditions that were tested and may be investigated in future work. In addition, the limited depth of fNIRS measurements also limits our study to the outer cortex and thus deeper areas involved in vestibular function cannot be observed.
Conclusion.
Our results show that the area around the superior temporal gyrus and supramarginal gyrus are preferentially activated during reliance on vestibular information in the control of balance. This is consistent with earlier evidence of the role of these areas in vestibular processing based on caloric, galvanic, and optokinetic stimulation. Furthermore, since fNIRS systems are relatively portable compared to other brain imaging systems like PET or fMRI, an advantage of fNIRS is the ability to be used in studies where subjects are ambulatory. With the exception of 18 F-deoxyglucose (FDG) studies, fNIRS has a clear advantage for the study of ambulatory and balance studies compared to PET and fMRI.
Although we believe that this is the first study to measure brain activation using fNIRS during the SOT dynamic posturography task, fNIRS has been previously used to study the cortical activations during active balancing (Karim et al., 2011; Mihara et al., 2008) , walking (Huppert et al., 2012; Miyai et al., 2001; Suzuki et al., 2008) , and during exposure to high g-forces (Benni et al., 2003; Ryoo et al., 2002; Ryoo et al., 2004) . Thus, fNIRS provides a complimentary neuroimaging tool to conventional PET and MR imaging. Within the last few years, several commercial wireless fNIRS devices have been introduced, which could allow an even further range of studies to be performed in the future.
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